Membrane oxidoreductase CcdA plays a central role in supplying reducing equivalents from the bacterial cytoplasm to the envelope. It transports electrons across the membrane using a single pair of cysteines by a mechanism that has not yet been elucidated. Here we report an NMR structure of the Thermus thermophilus CcdA (TtCcdA) in an oxidized and outward-facing state. CcdA consists of two inverted structural repeats of three transmembrane helices (2 × 3-TM). We computationally modeled and experimentally validated an inward-facing state, which suggests that CcdA uses an elevator-type movement to shuttle the reactive cysteines across the membrane. CcdA belongs to the LysE superfamily, and thus its structure may be relevant to other LysE clan transporters. Structure comparisons of CcdA, semiSWEET, Pnu, and major facilitator superfamily (MFS) transporters provide insights into membrane transporter architecture and mechanism.
ells regulate redox homeostasis by compartments. The bacterial cytoplasm is a reducing environment, to prevent oxidative damage, whereas the periplasm is oxidizing, to promote oxidative protein folding. Crucial reducing pathways exist in the periplasm, which rely on external reducing sources. The membrane electron transporter CcdA (as well as the transmembrane (TM) domains of DsbD and ScsB) introduces reducing equivalents from the cytoplasm to the periplasm 1-6 . This is critical for various cellular functions such as cytochrome c biogenesis, lithotrophic sulfur oxidation, oxidative protein folding, and defense against oxidative damage [7] [8] [9] . In addition to bacteria and archaea, CcdA homologs have been found on the thylakoid membrane of chloroplasts to promote cytochrome c maturation, a process essential for photosynthesis 10 .
CcdA has six transmembrane helices arranged in two sequence repeats, TM 1-3 and TM 4-6 (ref. 11 ) ( Supplementary Fig. 1a ). A pair of redox-active cysteines is located in two conserved PCxxP motifs on TM1 and TM4 (refs. 12, 13 ). The reducing equivalents are transferred through a cascade of thiol/disulfide-exchange reactions from the cytoplasmic general reductant thioredoxin (Trx) to CcdA, across the membrane, then to various periplasmic redox-active proteins [1] [2] [3] [4] (Fig. 1a ). The periplasmic substrates use a Trx-fold domain to react with CcdA 7 . Thus, CcdA conducts similar redox reactions on both sides of the membrane. Cysteine-scanning mutagenesis studies probing the solvent accessibility of Escherichia coli DsbD (EcDsbD), a CcdA homolog, have suggested that EcDsbD has an inverted pseudosymmetry 14, 15 , which is consistent with the dual accessibilities of the reactive cysteines by the Trx substrates from both sides of the membrane.
CcdA is unique among membrane electron transporters. It uses a single pair of cysteines to relay electrons across the cytoplasmic membrane, without the help of cofactors 16 . To understand the molecular basis of its mechanism, we solved the structure of TtCcdA using solution NMR spectroscopy. The structure represents an oxidized and outward-facing state. We have also computationally modeled and experimentally validated an inward-facing state of oxidized TtCcdA, which suggests that the active cysteine pair is shuttled across the membrane in an elevator-type movement.
Results
Sample conditions and NMR structure determination. We screened multiple CcdA proteins from bacteria and archaea for the feasibility of solution NMR studies. Oxidized TtCcdA was stable, monodisperse, and showed promising initial NMR spectra ( Fig. 1b and Supplementary Fig. 1b ). An E35A mutation was introduced to suppress truncation during heterogeneous expression. The protein was partially oxidized during expression and became fully oxidized after purification. Purified TtCcdA is redox active with its native Trx substrate ( Supplementary Fig. 1c ). The structure represents an oxidized conformation in which the redox-active disulfide bond is formed. Reduced TtCcdA showed conformational heterogeneity and increased dynamics; thus, a structure determination was not feasible (Fig. 1c ). For oxidized TtCcdA, 86% of the backbone resonances and 58% of the side chain β -carbon resonances have been assigned. The long-range restraints used to determine the global fold of TtCcdA are derived from eight paramagnetic relaxation enhancement (PRE) samples and residual dipolar couplings (RDC) measured in two alignment conditions [17] [18] [19] (Table 1 and Supplementary  Fig. 2a-d ). These restraints were measured using sensitive 2D 15 N-1 H TROSY-based experiments and rely on the readily obtained protein backbone amide resonance assignments 19, 20 .
The structure of oxidized TtCcdA was validated in two ways. First, we calculated a series of ensemble structures using partial long-range RDC and PRE restraints ( Supplementary Fig. 2e ). These structures were examined using the withheld RDC restraints. The low Q free factors are indicative of the quality of these structures. The reported structure, which is calculated with all restraints, is similar to these partially restrained structures. Second, solvent-accessibility data were obtained using the water-soluble paramagnetic reagent Gd-DTPA ( Supplementary Fig. 3a,b ). Residues accessible to the solvent and the paramagnetic reagent exhibited a marked reduction of NMR signal intensity. These residues are in the periplasmic and cytoplasmic loops, whereas residues with relatively small signal reduction are in the central regions of the TM helices. The solvent-accessibility data are in good agreement with the structure of TtCcdA.
Structure of oxidized TtCcdA in an outward-facing state. The most prominent structural feature of TtCcdA is the symmetry of the 3-TM repeats ( Fig. 2a,b ). For convenience of discussion, we named the three helices of the 3-TM repeats A-helix, B-helix, and C-helix. The A-helix is long and bends ~60° at the central PCxxP motif. Its N-and C-terminal helical segements are labeled a and b, respectively (TM1a, TM1b, TM4a, TM4b). The B-and C-helices together form a U shape. A characteristic bend in the C-terminal one-third of the B-helix forms the bottom of the U. The two 3-TM repeats are antiparallel to one another. Each inserts its A-helix into the U of the opposite one. The A-helices TM1 and TM4 are central transport helices and are connected by the active-site disulfide bond. Outside, C-helices TM3 and TM6 pack tightly against each other via a pair of conserved Gx 6 G motifs ( Supplementary Fig. 3c ). B-helices TM2 and TM5 form similar packing. The two inverted U shapes stack together, forming an "O scaffold" domain. On the basis of the membrane orientation prediction using the PPM server 21 , the O scaffold is highly tilted, with its long axis passing through residues 69 and 176 forming a 38° angle with the membrane norm, which results in a resemblance of the interior portion of the O to a channel. The loops connecting the two central A-helices and the O scaffold (L1, L3, and L4) are flexible ( Supplementary Fig. 3d ). The overall architecture of TtCcdA could be described as two kinked transport helices inserted into an O-scaffold channel with flexible loops connecting them (Fig. 2c ).
The NMR structure of oxidized TtCcdA represents an outwardfacing state. This results from TM1 and TM4 adopting different orientations relative to the O scaffold ( Fig. 2b) . Viewed from the periplasmic side, the disulfide bond is at the bottom of a shallow pocket surrounded by the N terminus of TM3, TM4b, the C terminus of TM6, and helix H1 ( Fig. 2c ). From the cytoplasmic side, TM1b and TM4a block access to the disulfide bond. The N out -C out membrane topology was inferred using the 'positive inside' rule and is consistent with previous studies 10, 22 ( Supplementary Fig. 3e ).
Comparison to Archaeoglobus fulgidus CcdA. We have compared our structure with the published NMR structure of a mutant Archaeoglobus fulgidus CcdA (AfCcdA) that mimics the reduced state of the protein 23 . The two proteins show significant sequence homology (29% identity, 60% similarity) but bear no structural resemblance ( Fig. 2a -c versus Supplementary Fig. 4a ). There are several lines of evidence supporting the structure of TtCcdA as consistent with previous bioinformatics and biochemical analysis of CcdA transporters. First, the internal sequence repeats of CcdA suggest that they encode similar structural units 11 . The two repeats of TtCcdA encode symmetry-related TM1-3 and TM4-6. The N-terminal repeat of AfCcdA encodes TM1-3, and its C-terminal repeat encodes two consecutive horizontal helices (h and hʹ ) and TM5-6. The two parts of AfCcdA do not display discernible structural similarity. Second, bioinformatics analysis and membranetopology assays show a consensus that the two conserved PCxxP motifs are located in TM1 and TM4 (refs. 10, 14, 22 ) , which is in agreement with the structure of TtCcdA. In contrast, the first PCxxP motif of AfCcdA is in the cytoplasmic loop between TM1 and TM2, and the second PCxxP motif is between h and hʹ . Third, multiple sequence alignment shows that the residues connecting the two repeats are highly variable and hydrophilic ( Supplementary  Fig. 4c,d ). This region encodes a cytoplasmic loop (L3) in TtCcdA and a TM helix (TM4) in AfCcdA. Last, the inverted symmetry solvent-accessibility profile of EcDsbD matches the structure of TtCcdA but not AfCcdA 14, 15 (below and Supplementary Fig. 4b ). In addition, the global fold of TtCcdA was determined using redundant and self-consistent long-range PRE and RDC restraints (on average seven per residue), whereas that of AfCcdA used sparse and iteratively assigned long-range NOEs (on average 0.5 per residue) (Supplementary Note). The structure of TtCcdA was validated using RDCs, and the low Q free factors are indicative of the quality of the structure ( Supplementary Fig. 2e ). The structure of AfCcdA was qualitatively validated using PRE restraints. Some restraints depart from the structural model, and the difference was ascribed to potential conformational exchange or transient aggregation of AfCcdA.
An inward-facing model of oxidized TtCcdA. Oxidized TtCcdA is in an outward-facing state. In order for the protein to be reduced by cytoplasmic Trx, it needs to switch to an inward-facing state in which the disulfide bond is exposed to the cytoplasm. Imperfect structural symmetry of sequence repeats implies underlying conformational flexibility. An established 'repeat-swap homology modeling' approach switches the conformations of the repeats and predicts the inward-facing state from an outward-facing structure or vice versa 24 . Using this approach, we swapped the conformations of TM1-3 and TM4-6 of TtCcdA, which effectively switched the orientations of TM1 and TM4 relative to the O scaffold ( Fig. 3a and Supplementary Fig. 5a,b ). In the repeat-swap model, the disulfide bond is located at the bottom of a shallow cytoplasmic pocket composed of the N terminus of TM6, TM1b, the C terminus of TM3, and the flexible loop L3. TM1a and TM4b seal the disulfide bond off from the periplasm. This model represents a putative inward-facing state of oxidized TtCcdA. We validated the model using a cysteine cross-linking experiment 25 . A scaffold residue (F45) and a transport helix residue (A113) are distant (13 Å Cα -Cα ) in the outward-facing structure but close (6 Å Cα -Cα ) in the inward-facing model. We constructed a F45C A113C mutant. The purified mutant has its native disulfide bond formed, as its 15 N-1 H HSQC NMR spectrum resembles that of the oxidized wild-type protein ( Supplementary Fig. 6a ). The two introduced cysteines are free to be alkylated (Fig. 3b, lane 3) . Preincubation of the mutant with equimolar HgCl 2 prevents the two free cysteines from alkylation, indicating that a '-S-Hg-S-' bridge is formed between F45C and A113C (Fig. 3b, lane 5) . This bridge is intramolecular, because otherwise, the mutant would migrate as a dimer or oligomers on SDS-PAGE. To confirm this, we recorded the 15 N-1 H HSQC NMR spectrum of the mutant with near equimolar HgCl 2 . This spectrum is considerably different from the spectrum of the HgCl 2 -free sample, with many peak shifts and a large number of peaks either disappearing or diminishing in intensity ( Supplementary Fig. 6a-c) . This finding suggests that the HgCl 2 cross-linking traps oxidized TtCcdA in a metastable state, which shows a global difference from the ground outward-facing state. The cross-linking experiment demonstrates that the inward-facing state is accessible to oxidized TtCcdA.
Next, we asked whether the outward-and inward-facing conformational switch happens in vivo. Data for this are available in the form of previous studies of the solvent accessibility of EcDsbD 14, 15 . The residues of TM1 and TM4 of EcDsbD were systematically mutated to cysteine, and their reactivity with a membraneimpermeable alkylating reagent was measured in spheroplasts. The C-terminal halves of the two transport helices (TM1b and TM4b) are exposed to the aqueous environment, while the N-terminal halves (TM1a and TM4a) are not ( Fig. 3c ). TtCcdA and EcDsbD have significant sequence homology (28% identity and 57% similarity). We sought to understand the EcDsbD solvent accessibility using the structural models of TtCcdA. For TtCcdA, TM1b is only solvent exposed in the inward-facing state, whereas TM4b is only solvent exposed in the outward-facing state (Fig. 3a ). Neither state matches the observed solvent accessibility of EcDsbD; however, if the two states are accessed alternately, the solvent-accessibility data can be explained satisfactorily, suggesting that oxidized CcdA indeed exchanges between the two states in vivo. The outward-facing structure and inward-facing model suggest that TtCcdA uses an elevator-type transport mechanism 26 . The O scaffold is immobile in the membrane, while the A-helices use a rotation movement to transfer the disulfide bond ~12 Å along the direction of the membrane norm ( Supplementary Video 1) . This rotation movement minimizes the hydrophobic mismatch as the result of TM1 and TM4 moving in and out of the membrane and maximizes the vertical translation of the disulfide bond. The disulfide bond runs against the inside surface of TM3 and TM6, which is tightly packed and hydrophobic in the middle to prevent solvent leakage while loosely packed and hydrophilic at both ends to encourage water penetration, which is important for the thiol/ disulfide-exchange reactions between CcdA and its substrates (Fig. 4a) .
The transport helices are loosely packed inside the O-scaffold domain, and the two parts are connected by flexible loops. An interesting question is how the up and down positions of the transport helices are determined. Two conserved glycines, one eight residues preceding the first reactive cysteine (G12) and the other ten residues preceding the second reactive cysteine (G117), were found to be important to CcdA activity 12, 13 (Supplementary Fig. 4d ). In TtCcdA, G12 belongs to a conserved Ax 3 G motif on TM1a, and G117 belongs to a conserved Ax 3 Gx 3 A motif on TM4a. In the outward-facing structure, the Ax 3 G motif on TM1a packs against another conserved Ax 3 G motif on TM5 (Fig. 4b) . A pair of Ax 3 G motifs and its variations are known to facilitate TM-helix packing 27, 28 . We mutated G154 in the Ax 3 G motif of TM5 to alanine. Such a small change in this tightly packed area resulted in severe destabilization of the outward-facing state, evidenced by the deteriorated NMR spectrum of this mutant ( Supplementary Fig. 6d ). In the inward-facing state, the Ax 3 Gx 3 A motif on TM4a packs against a conserved glycine, G49, on TM2. The alternate association and dissociation of these glycinecontaining motifs may play a major role in the alternating access of TtCcdA. The strengths of these interactions may be one of the major factors in determining the relative population of the inward and outward-facing states of TtCcdA.
Discussion
We propose a multiple-step mechanism for the transport of reducing equivalents across the membrane by TtCcdA (Fig. 5) . The outward-facing NMR structure probably represents the ground state of oxidized TtCcdA. It is in a state in which TtCcdA has reduced the periplasmic substrates and forms an internal disulfide bond that remains at the periplasmic side of the protein. In this state, C127 is more exposed to the periplasm than C20, suggesting that the reactive cysteine on TM4 directly interacts with the periplasmic substrates. We have shown that oxidized TtCcdA could convert to an inward-facing state in which the transport helices TM1 and TM4 carry the disulfide bond to the cytoplasmic side of the protein. The outward-to-inward conformational transition could be spontaneous or could be facilitated by interaction with cytoplasmic Trx. In the inward-facing model, C20 is more exposed to the cytoplasm than C127, suggesting that the reactive cysteine on TM1 directly interacts with Trx. This finding is consistent with previous experimental observations 2 .
Immediately after being reduced by the cytoplasmic Trx, TtCcdA would be in an inward-facing state in which both reactive cysteines remain at the cytoplasmic side. To reduce the periplasmic substrate, it is necessary for reduced TtCcdA to convert to an outward-facing state in which both reactive cysteines move to the periplasmic side. Without the internal disulfide bond, TM1 and TM4 could move independently, resulting in two potential intermediate states with one reactive cysteine at each side of the protein. The NMR spectrum of reduced TtCcdA suggests the reduced protein might exchange between multiple conformations (Fig. 1c) . The tryptophan side chain NMR signals of the reduced-state mimic of AfCcdA also suggest that the reduced protein has multiple conformational states 23 . Further studies are needed to delineate the population and conformational exchange of the reduced states of CcdA.
As known from bioinformatics analysis (for example Pfam, http:// pfam.xfam.org/clan/LysE/), CcdA belongs to the LysE superfamily of membrane transporters. According to the Transporter Classifi cation Database (TCDB, http://www.tcdb.org/superfamily.php?id= 9/), the LysE superfamily contains six families of divalent ion trans- porters, three families of amino acid transporters, one family of peptidoglycolipid transporter, and the CcdA family. Aside from sequence homology, the internal 3-TM repeats are also detected in several families of the LysE superfamily 29 . Bioinformatics analysis and mutagenesis studies have found conserved and functionally important motifs located on TM1 and TM4 (refs. 29, 30 ). The sequence homology, the inverted 3-TM repeats, and the conserved motifs suggest that the members of the LysE superfamily may share a common fold. TtCcdA could serve as a template to model other LysE transporters and to better understand their mechanistic and functional attributes. CcdA, semiSWEET, Pnu, and MFS transporters share the use of 3-TM repeats as their basic building blocks. semiSWEET sugar transporter is a parallel dimer of 3-TM bundles 31 (Fig. 6a) . The three helices of each bundle are connected in a right-handed order (Fig. 6e ). Pnu vitamin transporters contain two parallel 3-TM repeats and a linker TM helix in between 32 (3 + 1 + 3 TM, Fig. 6b ). Each 3-TM bundle displays a linear arrangement of the three helices (Fig. 6f) . A potential domain-swapping evolutionary mechanism connecting the semiSWEET and Pnu transporters has been proposed 33 . Pnu and semiSWEET form an interesting contrast to CcdA that consists of two antiparallel left-handed 3-TM bundles (Fig. 6c,g) . So far, Pnu and semiSWEET represent the minimal model of rocker-switch-type transporters, and CcdA is the smallest model of elevator transporters 26, 31, 34 . It will be interesting to see whether the 2 × 3-TM bundle represents the minimal arrangement of natural membrane transporters. A non-natural designed zinc transporter with a 4 × 1-TM arrangement has been developed 35 . MFS is a large and diverse group of secondary transporters and facilitators that share the common architecture known as the MFS fold 36 . MFS transporters consist of four left-handed 3-TM bundles 37, 38 (Fig. 6d,h) . The N-and C-terminal domains of MFS are pseudosymmetrical and parallel. Within each domain, the two pseudosymmetrical and antiparallel 3-TM repeats show a similar arrangement as that in TtCcdA. Using the N domain as an example, TM1 and TM4 are in the center of the domain and are inserted into the opposite 3-TM bundles. TM3 and TM6 pack against each other. A difference is that TM2 and TM5 are separated from each other and pack against TM11 and TM8, respectively, which are the C-domain counterparts of TM5 and TM2. To our knowledge, the 6-TM folds of CcdA and the MFS domains are not observed in other membrane proteins.
Alternating access is a general framework to understand the mechanisms of membrane transporters. It posits that the substrate is alternately exposed to either side of the membrane through conformational changes of the membrane transporter 39 . Structural studies have revealed a spectrum of examples within this framework 26 . At one end, such as in the rocker-switch mechanism, the substrate-binding site is relatively immobile inside the membrane, and the membrane transporter rearranges its conformation around this site. At the other end, such as in the elevator mechanism, the substrate-binding site moves across the membrane via protein conformational change. semiSWEET uses an inter-3-TMbundle rocker-switch movement to transport substrates 34 . MFS transporters use an inter-6-TM-domain rocker-switch movement to alternatively expose the substrates to both sides of the membrane 26, 36, 40 . CcdA relies on intra-6-TM-domain helix movement to shuttle the substrate to either side of the membrane. MFS and semiSWEET achieve a similar transport mechanism using different combinations of different 3-TM bundles. MFS and CcdA provide an intriguing example that different transport mechanisms can be realized using a single or a combination of the same 6-TM fold.
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